Abstract The use of near-infrared spectroscopy (NIR) to monitor the dynamics of a biogas process was evaluated using multivariate data analysis. The digester was a completely stirred 8 l tank reactor fed with the organic fraction of source-sorted MSW. Intermittently the digester was overloaded with feed. Before and after overload on-line monitoring of NIR spectra and off-line analysis in the liquid and the gas phase of traditional chemical variables and microbial biomass, determined as total concentration of phospholipid fatty acids (PLFA and PLEL), were done. The dynamics that occurred due to overloading could be followed using principal component analysis of the obtained NIR-spectra. In addition, the response to changes in the digester fluid was reproducible and could be detected within five minutes, which can be considered as realtime monitoring. Selected wavelengths in the region 800-2,000 nm were used to make a PLS1-regression with propionate. The regression resulted in a good correlation for propionate (R = 0.94 and RMSEP of 0.21 g/l in the range of 0.3-3 g/l). The results indicate the possibility to develop an early warning biogas control system based on near-infrared spectroscopy monitoring of propionate.
Background
To handle events such as organic overloads or toxic shocks in biogas processes as early as possible, more rapid techniques are needed. A good indicator should be correlated to the microbiological status of the process, function in real-time and be possible to monitor with a reliable, robust and "easy-to-handle" instrument. Volatile fatty acids have been proposed as indicator substances (Ahring et al., 1995) . Propionate seems to be a viable indicator for imbalances in the process since it readily forms in connection with process imbalances (Kaspar and Wuhrmann, 1978) .
In earlier experiments (Nordberg et al., 2000) using a transmittance NIR probe we showed that it was possible to predict the concentrations of acetate, propionate and microbiological biomass measured as total PLFA, in a process fed with an artificial substrate. In the present study the substrate is organic waste that is much more chemically complex and viscous.
The performed experiments in the present study can be divided into two groups. At first a series of overfeeds were made in order to establish understanding of the dynamics of the process and discover parameters which were describing the process dynamics and easily detectable. Secondly, a series of experiment was conducted as overfeeds with salts of volatile fatty acids and monitored only by NIR and by sampling for VFA analyses.
Methods
A mesophilic (37°C) continuously stirred tank reactor (CSTR) with 8 l active volume and 14 l total volume, was operated with a substrate consisting of the organic fraction of source sorted MSW from the municipality of Uppsala (Nordberg et al., 1999) . The waste having a C:N ratio of 17:1, was minced and diluted with water to a VS concentration of 6%. The process was started with digester content from a larger reactor operated for 5 years on the same MSW fraction. The organic loading rate was 3 g VS l -1 d -1 and the hydraulic retention time was 20 days.
Substrate overloads. In order to create system imbalances the reactor was overloaded in two experimental runs (A and C); with a shorter test run (B) in between to check the baseline of the system. In experiment A the overload was twofold for one day, and in C the reactor was starved for one day and then overloaded for two days with four times normal feeding. The dynamics of the process was closely followed for three days after the last overload by using on-line NIR and sampling of sludge and headspace for traditional analyses and lipid biomarkers.
VFA overload. Several tests was made by adding sodium acetate and sodium propionate in order to test detection limits and expand the sample matrix. These tests were made in the simplest possible way by mixing the solid salts one at a time into the ordinary MSW feed. The concentrations were aimed at 1, 1.5 and 2 g/l in the reactor slurry. The NIR spectra and sludge samples were then collected twelve times during eight hours. The samples were only analysed for VFA.
Near infrared spectroscopy. The NIR equipment used was a NIRsystem© 6500 from Foss Tecator with a reflectance probe. Every 15 min 128 scans were made, an action completed in less than 2.5 min. Multivariate methods were used to interpret the huge amount of data generated by the NIR spectrophotometer (Martens, 1998) using the software Unscrambler© from Camo. The mainly multivariate method used was PLS (partial least square) regression with jackknifing (Martens and Martens, 2000) .
Lipid biomarkers. The biomass and community structure were determined from analyses of normal phospholipid fatty acids (PLFAs) from eucaryotes and bacteria, and of diether lipids (PLELs) from methanogenic archaea. Samples were collected on the day before start of overfeeding, then at day 0, 1, 2, and at intervals until 77 days after Run C. Detailed descriptions of the lipid extractions have been given previously (Sundh et al., 1997) .
Traditional variables. The process was analysed for the concentration of methane and carbon dioxide in the headspace and alkalinity, pH, VFA, NH 4 -N and TKN in the slurry. The substrate overloads resulted in a minor increase of VFA-concentrations (dominated by acetate and propionate) that returned to normal within 12 hours, except for the C-run where propionate accumulated (Figure 1 ). In the C run the normal pH of 7.1 dropped to 6.8 and the biogas composition changed (Table 1 ). The gas composition and production indicated that the overload was not as much a disturbance as a stimulation. The CO 2 concentration was raised in Run C (up to 52%) mostly due to the dip in pH and not because of a decrease in the methane production. As the pH rises again the CO 2 concentration returns to subnormal values and thus the slurry stores up CO 2 as carbonates and there is also a slight increase of methane production (not shown).
Over the whole sampling period, the total concentrations of PLFAs and PLELs were 230-291 and 16.3-26.6 nmol g-1 w.w., respectively, and PLFA did not change substantially in response to the overfeeding (Figure 2 ). In order of decreasing concentrations, 16:0, a15:0, 18:1ω9c, 14:0, 18:0, 18:2, and 18:1ω7c, were the dominant fatty acids. Figure 2 The total concentrations of phospholipid fatty acids in run C from bacteria and eucaryotes (triangles) and diethers from archaeans (diamonds) in a biogas reactor fed with municipal household organic waste
Although the total PLFA-concentration did not change, individual PLFAs behaved differently. One group of fatty acids, 18:0, increased roughly 25%, whereas another, 18:1ω7c, decreased to a similar degree (Figure 3) . Calculated for complete phospholipid molecules, on average diethers amounted to 14% of the PLFAs. This suggests that the biomass of methanogens was roughly 14% of the biomass of eubacteria. This is slightly higher than was reported for a digester treating a synthetic substrate (Nordberg et al., 2000) . The initial drop in PLEL and consecutive rise indicates that the methanogenic population was negatively affected by the overloading. However, this could not be correlated to changes in methane production and is still under analysis. The lack of changes in the total PLFA concentrations indicates that the overfeeding had not triggered major changes in the biomass of eubacteria. On the other hand, the gradual shifts in the PLFA composition indicates changes in the community structure. The coefficients of variation (CV) of replicate samples from the reactor were 10-15% for individual PLFAs and 15% for the total concentration of PLELs.
Using NIR-spectra a PLS2 regression was made with both acetate and propionate. This regression method takes the variation in the measured sample matrix into account when it makes the regression. In this way several covariant parameters can be distinguished from each other. Propionate accumulated to a concentration that was possible to detect by NIR but acetate failed to give any correlation and in the subsequent tests of adding acetate it produced inconclusive results.
The results from the overload runs and add tests show that the NIR-detection limit for propionate was 0.3 g/l with a RMSEP of 0.21 g/l (Figure 4) . The wavelengths were reduced by exclusion of those that showed a large noise factor (below 600 nm and beyond 2,100 nm). A jackknifing after that reduced the wavelengths to several narrow windows totalling about 150 different wavelengths ( Figure 5 ). There are four major regions in which the correlation coefficients are distinct, a broad window between 600 to 800 nm with many wavelengths but low coefficients, and three narrow windows with larger coefficients around 1,130, 1,240 and 1,350 nm. It can be noted that stray wavelengths were identified up to 2,100 nm, with high values of coefficients (1,584, 1,686, 1,882, 1,936 and 2,000) but their influence on the model is low due to their low number and can be a result from noise. It can be noted that the area of 600-800 several different types of molecular bonds produce responses among which C-H, C-H 2 and C-H 3 are only a few. The 1936 and 2000 peaks are interesting as it is in this range that the carboxylic bonds give a response, and a removal of these resulted in a lower correlation coefficient. At the other peaks and windows the carbon-hydrogen bond is most influential. Figure 5 The wavelengths used in the PLS1 regression of propionate
